Soft-tempered, fine-grained ferritic steel is preferred for film-laminated steel for drawn cans from the viewpoints of surface quality and high formability. Generally, ultra-low carbon steel (ULC) is soft but has coarse ferrite grains. On the other hand, low carbon steel (LC) has a fine ferrite grain size but is hard and has inferior formability, and thus is not suitable for drawing. In order to solve this problem, the contents of carbon and niobium in ULC steel were varied in order to control the size of niobium carbide precipitates. This study suggested that the newly-developed steel has the potential to have an excellent balance of ferrite grain size and formability.
Introduction
Reduction of emissions of greenhouse gases and volatile organic carbon is necessary in order to reduce their effects on the environment. In response to this need, polypropyleneor polyethylene terephthalate-laminated steel sheets for cans are attractive from the viewpoint of reducing lacquering and washing drains.
Laminated cans which are formed by the stretch drawing and ironing method have appeared in the market in place of common drawn and ironed cans, 1) and have also been a subject of extensive research. [2] [3] [4] [5] [6] [7] Imatsu reported that the surface roughness of film-laminated steel increased during stretch drawing, depending on the ferrite grain size before forming and forming strain, and proposed that fine-grained steel is preferable for avoiding film defects. 8) On the other hand, soft-tempered steel is preferred for good formability. 9) These requirements for film-laminated steel are generally contradictory properties.
Steel sheets for cans are produced on the basis on the temper degree defined by Rockwell hardness 30T. 10, 11) Low carbon steel of T3-DR8, which has a moderate balance of ferrite grain size and tensile strength, has been applied as the base steel for film-laminated steel. We studied the possibility of a steel which is both fine-grained and soft-tempered for use in film-laminated steel. As a past report proposed that low carbon steel with a ferrite grain size of less than 6 μm should be applied for film-laminated steel, we referred to that finding. 9) Another report suggested that ultra-low carbon steel with addition of Nb or both Nb and Ti to obtain sheets with excellent formability is finer-grained and has a better r-value than plain ultra-low carbon steel. 12, 13) However, the grain sizes of those steels are too coarse to meet the requirement for film-laminated steel sheets. Therefore, we studied the influence of the contents of Nb and C on the ferrite grain size and strength of steel sheets.
Experimental Procedure
The chemical compositions of the samples are shown in Table 1 . The samples were prepared by forging vacuummelted ingots to a thickness of 22 mm, reheating the slabs to 1 523 K for 1 hour, hot rolling with a finishing temperature of 1 173 K, and water cooling at 853 K. The sheets were held for 1 hour in a furnace at 853 K to simulate the coiling process, and cooled in the furnace to room temperature. Grinding was performed to remove the scale from the surface, and the sheets were cold rolled from 2.8 mm to 0.24 mm. The cold-rolled sheets were annealed for 45 seconds at 1 023 K, and then temper rolled at 1.5%. The Rockwell hardness HR30T of the temper-rolled sheets was measured, and JIS 13B specimens were taken to measure the r-value.
The cross-sectional microstructures of the rolling direction of the hot-rolled and temper-rolled sheets were observed by optical microscopy, and the mean grain size was measured by the intercept method. The extraction residue with 10% acetylacetone, 1% tetramethylammonium chloride and methanol was determined as the Nb precipitate by inductively coupled plasma atomic emission spectrometry (ICP-AES).
Results

Ferrite Grain Size of Hot-rolled Sheet
Images of the cross sections of the hot-rolled sheets are shown in Fig. 1 . All the grains of the specimen are the ferrite matrix. Steel A has the coarsest grains, followed in order by Steel B and Steel C. The ferrite grains of Steel B are finer than those of Steel A because of increased addition of C. Furthermore, Steel C is much finer than Steel B because the larger Mn content of Steel C has the effect of lowering the temperature of the Ar3 transformation point. As shown in Fig. 2 , the Nb precipitates of Steel A, Steel B and Steel C increased with the amount of added Nb. The relationship between addition of Nb and the amount of Nb precipitates is shown in Fig. 3 . In the Nb excessive range of Nb/C, the amount of Nb precipitates of Steel A, Steel B and Steel C is saturated and excessive Nb is dissolved. The amount of Nb precipitates of Steel A-2 and Steel A-3 is larger than the expected amount of Nb carbide, and the Nb precipitates in these steels contain Nb nitride. As shown in Fig. 4 , in Steel A-2 and Steel A-3, the ferrite grains are refined by excess solute Nb, showing that the solute drag effect of Nb is effective in Steel A. shown in Fig. 7 . It seems that the Nb precipitate of Steel A-2 is Nb carbonitride, as discussed in the previous section.
The relationship between the amount of solute Nb and the ferrite grain size is shown in Fig. 8 . It was confirmed that refinement of ferrite grains by solute Nb occurs only in Steel A, whereas the opposite tendency was observed in Steel B and Steel C. Thus, the ferrite grain size of Steel A is refined with increasing amounts of Nb precipitates and solute Nb. By contrast, the ferrite grain size of Steel B and Steel C is coarsened with increasing amounts of Nb precipitates. 
Ferrite Grain Size of Annealed Sheets
Images of the cross sections of the annealed sheets are shown in Fig. 5 . Steel A-3, Steel B-3, and Steel C-3 are not recrystallized completely because excess Nb delays the progress of ferrite recrystallization. The relationship between the amount of Nb precipitates and the ferrite grain size of the annealed sheets is shown in Fig. 6 . The ferrite grain size of Steel A is refined by adding Nb, but that of Steel B and Steel C is coarsened. This behavior shows a trend different from that of the hot-rolled sheets. The amount of Nb precipitates increases with Nb addition, but on the other hand, the ferrite grain size is not refined, as 
Influence of Amount of Nb and Size of Nb Precipitates on Ferrite Grain Size
As shown in the previous sections, the ferrite grain size of hot-rolled steel sheets is influenced by the amount of Nb precipitates. However, the ferrite grain size of annealed steel sheets coarsens in spite of an increasing amount of Nb precipitates. To investigate the cause, TEM observation of Nb precipitates extracted from the annealed sheets was performed. As shown in Fig. 9 , the Nb precipitate size of Steel C-1 is refined in comparison with that of Steel C-2. The Nb precipitate size and number determined by 5 fields of TEM images at 69 k magnification are shown in Fig. 10 . The amount of finer Nb precipitates in Steel C-1 is much greater than that in Steel C-2.
Mechanical Properties
The relationship between the ferrite grain size and HR30T is shown in Fig. 11 . Steel B-1 had HR30T = 52.7 pt, corresponded to the temper degree T2, Steel C-1 had HR30T = 56.0 pt, corresponding to T2.5, and Steel C-2 had HR30T = 58.8 pt, corresponding to T3. Although the ferrite grain size of Steel B-2 and Steel C-2 is coarser, the hardness of these two steels is higher than that of Steel B-1 and Steel C-1. This result is considered to be due to particle dispersion strengthening by Nb precipitates.
The relationship between the amount of Nb and the r-value is shown in Fig. 12 . It is suggested that the r-value increases due to the formation of the {111} fiber texture in recrystallization with increasing amounts of Nb.
Among the samples studied here, the properties of Steel C-1 are the closest to the requirements for the base steel of film-laminated steel described in the first section. Nevertheless, Steel C-1 is still not completely suitable for this application. Further improvement will be required in the future. 
Discussion
The aim of this research is to refine ferrite grains by the solute drag effect of solute Nb and pinning of carbide and nitride precipitates of Nb. As a result, the ferrite grain size of Steel A was refined, depending on Nb addition. However, the ferrite grains of Steel B and Steel C were coarse in spite of the increase in Nb precipitates. The difference in these results is thought to be due to the quantity ratio of Nb and C.
The ferrite grain sizes of the hot-rolled and annealed sheets of Steel C-1 were 9.3 μm and 7.2 μm, respectively, while those of hot-rolled and annealed sheets of Steel C-2 were 8.4 μm and 8.7 μm, respectively. Thus, it is obvious that the ferrite grain refinement of Steel C-1 occurs in annealing. The relationship between the amount of Nb precipitates in the annealed sheet and the increase in Nb precipitates after hot rolling is shown in Fig. 13 . The amount of Nb precipitates in Steel B-1 and Steel C-1 increases in annealing. As shown in Fig. 4 , the amounts of solute Nb in Steel B-2 and Steel C-2 of hot rolled-steel sheet decrease more than those of Steel B-1 and Steel C-1 due to the large driving force of formation of NbC by excess Nb. It is assumed that Nb remains to dissolve in the ferrite matrix of these steels during recrystallization. According to a study of the effect of Nb on recrystallization and ferrite grain growth by Sinclair 14) and Hutchinson, 15) the solute drag effect worked preferentially. The ferrite grains of Steel B-1 and Steel C-1, in which solute Nb remains during annealing, are refined more than those of Steel B-2 and Steel C-2. Our results are in agreement with this past information.
The pinning effect of distributed particles is represented by Nishizawa's formula 16) (2), which is expanded from Zener's formula 17) (1) by a simulated calculation. (2) where, R is the average grain size of the main matrix, r is the average grain size of the distributed particles, f is the volume ratio of the particles and β is a constant. As shown in formula (2), the grain growth of the main matrix is suppressed and the refined grain size is maintained as a result of the distribution of many fine particles. Thus, the factors related to the pinning effect which affect the grain size of the main matrix are not only the volume ratio of distributed particles, but also their particle size. The amount of NbC, the average ferrite grain size R, the average NbC grain size r and the average NbC volume f calculated from the amount of NbC of Steel C-1 and Steel C-2 are shown in Table 2 .
The average NbC grain size is based on the result shown in Fig. 10 . The relationship between the ferrite grain size and the size and volume of the distributed particles (NbC) decided by substituting those values into formula (2) is shown in Fig. 14 . Both Steel C-1 and Steel C-2 deviate from the model of formula (2) . Moreover, the results show a trend which is counter to that of formula (2) . As shown in the histogram of the size and number of Nb precipitates in Fig. 10 , the Nb precipitates of Steel C-1 are finer than those of Steel C-2. The free energy change of homogeneous nucleation (Δg) is expressed by the following formula 18) (3). (4) where, ΔG is the free energy change, V is the molar volume, σ is the surface energy and r is the nuclear radius. The free energy change Δg c shown in formula (4) represents the maximum value at the critical nuclear radius r c at which (∂Δg/∂ΔΔr) r c = 0. Because the free energy change decreases above r c , grain growth occurs spontaneously. Therefore, it could be suggested that, as the grain size of the precipitate approaches r c , the number of precipitates distributed close to r c also increases, as shown in Fig. 10 . It is suggested that a large amount of fine NbC with a size of 5 nm or less, which is close to r c , occurs in Steel C-1. Therefore, the pinning effect and strengthening of particle dispersion of Steel C-1 should have a greater effect than in Steel C-2, but on the contrary, the results show an opposite trend. Thus, it may appear that the above-mentioned effect cannot be explained by the state of the Nb precipitates after annealing. The past study reported that the recrystallization temperature decreases as a result of coarsening of Nb precipitates in annealing due to the formation of Nb clusters before recrystallization, growth of those Nb clusters during recrystallization, and decreases in solute Nb and C. 19) We estimate that grain growth can occur in Steel C-2 due to the decrease in the recrystallization temperature resulting from coarsening of the Nb precipitates during annealing, as reported in the past study. To clarify this assumption, further investigation of the Nb precipitates after hot rolling and the recrystallizing temperature will be necessary.
In addition, Nb/C is different, being 0.4 in Steel C-1 and 1.2 in Steel C-2. Kubotera 20) suggested that solute C could affect nucleation behavior in recovery and recrystallization. Namely, nucleation would be delayed by solute C. We can suggest that the delay in recrystallization caused by solute C is one of the factors in ferrite refinement in Steel C-1.
Based on the points discussed above, we estimate that the ferrite refinement in Steel B and Steel C, which have low Nb contents, is caused by the delay in recrystallization by solute Nb and solute C, whereas the ferrite coarsening in Steel A, which has a high content of Nb, is caused by coarsening of Nb precipitates during annealing. It is conceivable that these factors overlap or have different relative effects on ferrite refinement. However, this is an issue for future research, as the present study was not sufficient to clarify this mechanism.
Conclusion
The influence of the contents of Nb and C in ultra-low carbon steel as the base material for film-laminated cans was investigated, focusing on the balance of the ferrite grain size and formability (soft temper property), and the following points were clarified.
(1) The ferrite grain size of hot-rolled steel sheets containing from 0.0016%C to 0.0066%C is refined as the content of Nb increases.
(2) The ferrite grain size of annealed steel sheets containing 0.0016%C to 0.0020%C is refined, whereas that of annealed steel sheets containing 0.0060%C to 0.0066%C is coarsened with increasing amounts of Nb.
(3) It is presumed that the difference of the recrystallization behavior depending on the amount of Nb precipitates in annealing causes the difference in the influence of Nb on the ferrite grain size of hot-rolled steel sheets and annealed steel sheets containing 0.0060%C to 0.0066%C. 
